; compare frame 1:03 with frame 1:31). As the nucleus moved rearward (away from the wound cells continued migration into the wound at later times edge), while the MTOC remained stationary or moved (>2 hr), the nucleus moved forward with the MTOC, and slightly toward the rear (Figures 1C and 1D ; Movie S2).
the MTOC remained near the cell centroid, consistent Overlaying outlines of the cell, the nucleus, and the with earlier studies (Euteneuer and Schliwa, 1992). MTOC showed that the rearward nuclear movement ocThus, rearward nuclear movement also reorients the curred relative to the leading edge ( Figure 1E ). Rear-MTOC in migrating cells. ward movement of the nucleus was the predominant movement that resulted in MTOC reorientation in every live recording examined (n = 9). MTOC reorientation ocRetrograde Flow of Actin Is Involved in Nuclear Movement curred 80 ± 28 min after the addition of LPA, with the nucleus moving at a velocity of 0.28 ± 0.09 m/min
The velocity of rearward nuclear movement is similar to that of actin and MT retrograde flow (Mikhailov and (n = 8).
We evaluated the involvement of nuclear movement Gundersen, 1995; Waterman-Storer and Salmon, 1997; Salmon et al., 2002). We analyzed kymographs to see in MTOC reorientation in larger numbers of cells by analyzing the position of the nucleus and the MTOC relawhether retrograde flow was activated by LPA and coupled with nuclear movement. Kymographs showed that tive to the cell centroid in fixed NIH 3T3 cells. This analysis showed that the MTOC and the nucleus re-LPA triggered rearward movement of some MTs in the lamella (Figures 2A and 2B ). The slopes of the lines in mained in the centroid of untreated wound-edge cells for up to 2 hr after wounding ( Figure 1F ). In contrast, the kymographs representing rearward-moving MTs and nuclei were nearly identical, indicating that both with LPA treatment the nucleus was located at increasingly rearward positions from the cell centroid, reaching were moving at the same velocity (MTs, 0.23 m/min; nucleus, 0.26 m/min). As MT retrograde flow is driven a maximum average position of 13.3% ± 1.7% of the cell radius from the cell centroid at 90 min. We next tested whether actin retrograde flow was 2G). Lower concentrations of CD had no effect on Figure 3A) . Conversely, LPAthese proteins had no effect on cell migration. In coninduced rearward nuclear movement was blocked by trast, MRCK-TM-expressing cells tended to fall behind microinjected dominant-negative N17Cdc42 protein or the wound edge ( Figures 3H and 3I) , indicating that by the CRIB domain of PAK1 (PAK-CRIB), which inhibits their migration was inhibited. These results indicate both Cdc42 and Rac (Sander et al., 1998) ( Figure 3A) .
that MRCK participates in cell migration and are conWith all of these treatments, the MTOC remained near sistent with MRCK's role in regulating MTOC reorientathe cell centroid. These results show that Cdc42 is both tion and nuclear position. necessary and sufficient for the rearward nuclear movement that generates MTOC reorientation.
Myosin (Figures 3B, 3D, and 3F) . MRCK-TM did not have a major effect on LPA-induced entation is unclear. To test whether dynein is involved in nuclear movement, we prepared movies of starved changes in the actin cytoskeleton ( Figure 3G ). MRCK-CPC also inhibited MTOC reorientation and nuclear wound-edge 3T3-GFPTub cells injected with an inhibitory dynein intermediate chain monoclonal antibody movement induced by L61Cdc42 (Figures 3C and 3E Figures 6B and 6C) . However, expression of Par6 or kdPKCζ led to a displacement of the MTOC from its position at the centroid ( Figures 6B and 6C) , the same phenotype as observed with dynein inhibition. These results show that Par6 and PKCζ do not regulate rearward nuclear movement but instead are likely to function together with dynein to maintain the MTOC at the cell centroid.
Dynamic MTs Coupled with Dynein Maintain the MTOC at the Cell Centroid
Models for dynein's role in positioning nuclei and spindles posit that dynein is important to tether and pull MTs at the cell cortex. To determine whether dynein might tether MTs to maintain the MTOC at the cell centroid during MTOC reorientation, we first asked whether dynamic MTs were important for MTOC reorientation. Starved 3T3 cell monolayers were wounded and treated with LPA for 2 hr in the presence of 100 nM nocodazole, which inhibits dynamic MTs in fibroblasts without affecting overall MT distribution ( Figure 6F ) (Mikhailov and Gundersen, 1998 cal factors such as dynein. To test this idea, we explored whether dynein was necessary for the recentration of the MTOC observed after nocodazole washout. Microinjechad been injected with DIC mAb confirmed that dynein tion of DIC mAb into nocodazole-and LPA-treated cells inhibition displaced the MTOC rearward of the cell blocked MTOC recentration when nocodazole was centroid without interfering with rearward movement of subsequently washed out (Figures 6D-6F) . The rearthe nucleus ( Figure 5E ). Injection of DIC mAb, but not ward position of the nucleus was not affected by DIC control human IgG (HuIgG), also blocked MTOC reorimAb. Control HuIgG had no effect ( Figure 6D-6F) . Thus, entation induced by wild-type MRCK, and, as with LPA, MT dynamics alone are not sufficient to recenter the this was due to failure to maintain the MTOC at the cell MTOC after nocodazole washout; dynein is also recentroid ( Figures 5D and 5E ). These results show that quired. These results suggest that the most likely role dynein is not involved in the rearward movement of the for dynein in centering the MTOC is in tethering MTs. nucleus but instead plays a role in maintaining the MTOC at the cell centroid. Discussion veyor-belt model). The fact that we did not detect accumulation of actin filaments on the trailing side of mov-
We show that MTOC reorientation results from nuclear

